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Sweet and bitter taste distinguishes good food sources from potential toxins, but what happens when these
tastants are mixed? In this issue ofNeuron, Jeong et al. (2013) show that inDrosophila, bitter compounds act
through an extracellular odorant-binding protein to inhibit sweet-responsive neurons and block the response
to sweet taste.In the 1964 film Mary Poppins, Julie
Andrews touts how ‘‘a spoonful of sugar
helps the medicine go down,’’ reflecting
that addition of sweet taste agonists can
mask the presence of bitter compounds,
likemostmedicines. Newwork fromCraig
Montell’s laboratory studying taste
behavior in Drosophila melanogastor
(Jeong et al., 2013) reveals how flies
would not be easily swayed by Mary Pop-
pins into taking their medicine by mixing
bitter with sugar. Flies have distinct taste
neurons tuned to bitter or sweet com-
pounds, but when sweet and bitter com-
pounds are mixed, the bitter tastants
turn off the drive to consume sugar. In
this issue of Neuron, Jeong et al. (2013)
show the surprising mechanism behind
how bitters trump sweet, through associ-
ation with the odorant-binding protein
(OBP) OBP49a and suppression of the
sweet neuron activity (Jeong et al., 2013).
Taste is a critical sense that allows ani-
mals to evaluate the quality of food sour-
ces. Sweet taste is associated with the
presence of energy-rich sugars, while
bitter taste is associated with toxic or
noxious compounds that might threaten
the health of the animal. Sweet and bitter
tastes are mediated by membrane re-
ceptors expressed on taste neurons that
specifically detect these compounds.
Receptors detecting sweet compounds
are expressed by different neurons than
those detecting bitter compounds, estab-
lishing ‘‘labeled lines’’ that allow the brain
to distinguish between good, energy-rich
foods and potentially toxic ones.
There are approximately 120 taste neu-
rons located in sensilla on the labellum
(mouth) of the fly (Figures 1A and 1B).612 Neuron 79, August 21, 2013 ª2013 ElsevEach side of the labellum has 31 taste
sensilla that are divided into classes
based on sensillum length (Figure 1B)
(Montell, 2009). L-type and S-type sensilla
(for Long and Short sensilla) each house
the dendrites of four chemosensory neu-
rons, while the I-type (intermediate length)
sensilla house the dendrites of two neu-
rons. Bitter compounds are detected by
neurons in the S-type and I-type sensilla,
but not the L-type sensilla (Weiss et al.,
2011), while all three sensilla types
contain neurons activated by sugars.
The four chemosensory neurons within
the L-type sensilla are tuned respectively
to sugar, low salt, high salt, and water
(low osmolarity), and each neuron is tuned
to only one of these stimuli.
Like all olfactory and gustatory neu-
rons, the dendrites of the L-type gustatory
neurons are bathed in a fluid called
sensillum lymph that contains water,
ions, and secreted proteins produced by
the nonneuronal support cells (Figures
2A and 2C). One family of proteins
secreted into the lymph are members
of the odorant-binding protein family,
perhaps misnamed because members
are expressed in both olfactory and gus-
tatory organs (Galindo and Smith, 2001).
Insect odorant-binding proteins are en-
coded by a large gene family (around 50
members in Drosophila) and typically
encode small (14 kDa) proteins with
three conserved disulfide bridges. The
best-studied OBP is LUSH, an antennal
protein required for detection of the
male-specific volatile pheromone 11-cis
vaccenyl acetate, or cVA (Xu et al.,
2005). In the absence of LUSH, cVA sensi-
tivity is dramatically reduced, revealingier Inc.that the extracellular binding protein is
important for sensitivity to pheromone.
Furthermore, in lush mutants, the spon-
taneous activity in the cVA-sensing
neurons (in the absence of pheromone)
plummets from one spike/s to one spike
every 400 s, leading to the suggestion
that LUSH may be part of the ligand for
neuronal membrane receptors on cVA-
sensitive neurons. Conformational ch-
anges in LUSH structure induced by cVA
binding correlate with the ability of LUSH
to stimulate pheromone-sensitive neu-
rons in the absence of cVA (Laughlin
et al., 2008). Indeed, introduction of
mutant LUSH protein locked in a cVA-
bound conformation activates cVA-sensi-
tive neurons in the absence of pheromone
but is inactive on any other class of olfac-
tory neuron (Laughlin et al., 2008). This
suggests that pheromone-sensitive neu-
rons have membrane receptors that
detect conformationally activated LUSH
(Figure 2B). Such a mechanism could
explain the remarkable sensitivity of in-
sect pheromone detection systems that
approach single molecule sensitivity
(Kaissling, 1998). Do other OBPs work
like LUSH?
Jeong et al. (2013) produced mutants in
OBP49a and show that, similar to LUSH,
OBP49a is required to ‘‘sensitize’’ sweet
taste neurons in L-type sensilla to bitter
compounds, but surprisingly OBP49a
acts to block the ability of sucrose to stim-
ulate sweet-sensing neurons (Figure 2D).
OBP49a is expressed specifically in taste
sensilla on the labellum (Figure 2C) (Jeong
et al., 2013) and is highly conserved
among Drosophila species, implying that
it serves a conserved function. Jeong
Figure 1. Organization of the Taste Sensilla on the Labellum of the
Fruit Fly
(A) Side view ofDrosophila head showing olfactory organs (antenna andmaxil-
lary palp) and gustatory organ (labellum).
(B) Side view of the surface of the labellum showing three classes of taste
sensilla. L-type (red triangle) detects sugars but not bitters, while I-type (white
rectangle) and S-type (black oval) detect both sugars and bitter compounds.
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Previewset al. (2013) tested OBP49a
mutants for defects in taste
behavior. Given a choice,
flies normally prefer 5 mM to
1 mM sucrose, assayed by
adding different food coloring
to each solution, allowing the
flies to choose between
these solutions, and ob-
serving the stomach color of
the flies after a 90 min assay.
Flies usually have stomachs
colored with the dye added
to the 5 mM solution. How-
ever, if any one of several
bitter compounds (including
papaverine, berberine, dena-
tonium, quinine, strychnine,
or caffeine) was mixed with
the 5 mM sucrose, normal
flies will prefer the untainted1 mM sucrose and will have stomachs
dyed with the 1mM food coloring. Inter-
estingly, flies lacking OBP49a still prefer
5 mM sucrose tainted with any one of
these five bitter compounds. Behavior to
another bitter, L-canavanine, was not
affected, revealing that OBP49a is not
required for avoiding all bitter com-
pounds. Responses of L-type neurons to
sugar or S-type neurons to bitter com-
pounds are unchanged in the OBP49a
mutant when the compounds are assayed
alone. Furthermore, bitter compounds did
not activate any L-type neurons in either
genetic background, confirming that
bitter compounds do not activate the
sugar neurons in the mutant. What did
change was the response of L-type
sweet-sensing neurons to sugar when
combined with bitter compounds. In
wild-type flies, the mixture of sweet
and bitter strongly inhibits spiking in the
sugar-sensitive neuron, while in the
OBP49a mutant this neuron responds to
sugar as if there were no bitter com-
pounds present! Since there are no
bitter-sensing neurons in L-type sensilla,
this suppression cannot result from direct
inhibition by activity in bitter-sensing
neurons. A rescuing transgene express-
ing OBP49a in the support cells of the
L-type sensilla restored normal inhibition
of the sugar neuron to bitters in the
OBP49a mutants, confirming OBP49a
is the essential factor underlying this
behavioral defect. Evenmore remarkable,
expressing an OBP49a construct thatadded an anchoring transmembrane
domain to the C terminus of the normally
secreted OBP49a in the sugar neuron
also restored wild-type inhibition. This im-
plicates a role for extracellular OBP49a
in regulating some membrane protein on
the L-type sugar-sensing neurons that
mediates neuronal firing.
Could OBP49a be acting directly on
the sweet receptor, perhaps as a com-
petitive or noncompetitive antagonist?
Sucrose detection requires coexpression
of at least two gustatory receptors,
Gr64a and Gr64f (Jiao et al., 2008). To
determine whether membrane-anchored
OBP49a is in close proximity to either of
these receptor subunits, they undertook
a split YFP experiment (Ghosh et al.,
2000). They fused the N-terminal half of
a YFP gene to the N-terminal portion
of Gr64a and also to Gr64f (the N termini
of these receptors reside inside the cell)
and produced lines of flies expressing
each of these transgenes in the sugar-
sensing cells. They also produced flies
expressing the C-terminal half of YFP
fused to the intracellular region of teth-
ered OBP49a in the same neurons.
When flies expressing the Gr64a receptor
fusion were crossed to the tethered
OBP49a-YFP fusion, strong fluorescence
was detected in the labellum, suggesting
that the intracellular domains of Gr64a
and the membrane-tethered OBP49a are
in close proximity. These findings are
consistent with OBP49a interacting with,
and inhibiting, sweet responses throughNeuron 79, August 21Gr64a (Figure 2D). Surpris-
ingly, no fluorescence was
detected when the tethered
OBP49a-YFP flies were
crossed to the Gr64f-YFP
fusion, indicating there may
be a specific interaction
between OBP49a and the
Gr64a subunit that permits
association of the two YFP
fragments. Addition of bitter
ligands did not alter the fluo-
rescence in either combina-
tion. This could mean that
OBP49a is always bound to
the receptor and only inhibits
when bitters are present, or
perhaps that adding an artifi-
cial membrane anchor to
OBP49a results in some
structural configuration thatis only able to interact with Gr49a-YFP.
Split YFP experiments have to be inter-
preted with caution, as these findings
only demonstrate that the proteins are in
close proximity and do not implicate
or rule out any specific protein-protein in-
teractions between OBP49a and mem-
brane receptor subunits. Additional work
remains to demonstrate exactly how this
inhibition works at the receptor level.
Does OBP49a actually bind to tast-
ants? Jeong et al. (2013) purified
OBP49a from flies and bound it to sensor
chips and used surface plasmon reso-
nance to examine what tastants bind to
OBP49a. They found that bitter chemicals
bound to OBP49a in a dose-dependent
manner, but sucrose did not. Together,
these data support a model in which
OBP49a binds to bitter tastants and in-
hibits the firing of the sugar-sensing neu-
rons, possibly by direct interactions with
the neuronal sweet taste receptors
(Figure 2D). OBP49a is expressed in all
sensilla on the labellum, so while L-type
sensilla were studied by Jeong et al.
(2013) to rule out potential crosstalk be-
tween the bitter-sensing neurons and
sweet-sensing neurons in the same
sensilla, it is likely that this mechanism is
also present in the S-type and I-type
type sensilla as well. This would be
consistent with the potent effects
observed in the OBP49amutants on bitter
avoidance behavior. These data support
the controversial view that members of
the odorant-binding protein family can, 2013 ª2013 Elsevier Inc. 613
Figure 2. Model for Conformational Activation of OBPs in Smell and Taste
(A) Cartoon depicting a sensillum for a cVA-sensing olfactory neuron. Nonneuronal support cells secrete
the extracellular odorant-binding protein LUSH into the sensillum lymph.
(B) LUSH is conformationally activated by binding cVA pheromone. Top: LUSH is normally in an inactive
state in sensillum lymph in the absence of pheromone. Bottom: in the presence of cVA (blue circles), LUSH
undergoes conformational activation upon binding the pheromone (oval to square in the figure). This is
recognized by a neuronal odorant receptor complex (a ligand-gated ion channel) composed of Or67d
(a tuning odorant receptor found only in cVA-sensing neurons), Orco (a coreceptor for all odorant recep-
tors in Drosophila), and Snmp (sensory neuron membrane protein) that may act as an inhibitory receptor
subunit (reviewed in Ronderos and Smith, 2009).
(C) Structure of the L-type sensilla. Four gustatory receptor neurons extend dendrites into the shaft of the
sensillum. Dendrites are surrounded by sensillum lymph, containing OBP49a, secreted by the support
cells.
(D) Model for bitter suppression of sugar-sensing neurons. In sugar-sensing cells, the sucrose receptor
complex (requiring Gr64a and Gr64f) is inactive in the absence of sucrose (top). In the presence of sucrose
(middle) the receptor is activated, allowing entry of calcium and potassium into the sugar-sensing neuron
(both ions are more concentrated in the lymph compared to the cytoplasm). In the presence of sweet and
bitter compounds (bottom) the bitter compound binds to OBP49a, and this complex inhibits the receptor
even if sucrose is present.
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Previewsdirectly interact with membrane receptors
in a ligand-dependent manner and influ-
ence neuronal activity.
To fully understand how OBP49a func-
tions, some structural studies are in order.
OBP49a is 30% larger than most mature
OBP proteins and contains 12 cysteines
instead of 6 (Nagnan-Le Meillour and Jac-
quin-Joly, 2003). This suggests that it may614 Neuron 79, August 21, 2013 ª2013 Elsevhave a larger, more complex ligand-inter-
action domain that might be important for
detecting structurally diverse bitter com-
pounds and signaling their presence to
the neurons. It will be important to deter-
mine the X-ray crystal structure of
OBP49a alone and with various bitter
compounds bound to establish whether
there is a shared conformational changeier Inc.induced by the diverse bitter compounds
that is distinct from the unliganded OBP,
similar to what has been shown for cVA
pheromone and LUSH (Laughlin et al.,
2008). Such a conformational shift could
pinpoint domains that might interact with
the taste receptor. Indeed, demonstrating
bitter-dependent binding of OBP49a
to the sweet receptor would also be
important.
Finally, it is fascinating that detection of
bitter compounds with neurons located in
S-type and I-type sensilla is not enough to
deter flies from potential toxins mixed
with sugars. OBP49a represents an inde-
pendent bitter detection mechanism that
has evolved to override the activation of
sugar neurons in the presence of bitter
chemicals. It is likely that the sugar input
into the CNS elicits a strong feeding signal
that needs to be blocked when bitters are
present to prevent feeding behavior, and
this two-pronged mechanism prevents
‘‘the spoonful of sugar’’ from facilitating
ingestion of potentially toxic bitter
‘‘medicines.’’REFERENCES
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